Given the increasingly more stringent bounds on Supersymmetry (SUSY) from the LHC searches, we are motivated to explore the situation in which the only accessible SUSY states are the electroweakinos (charginos and neutralinos). In the minimal SUSY framework, we systematically study the three general scenarios classified by the relative size of the gaugino mass parameters M 1 , M 2 , and the Higgsino mass parameter µ, with six distinctive cases, four of which would naturally result in a compressed spectrum of nearly degenerate LSPs. We present the relevant decay branching fractions and provide insightful understanding about the decay modes in connection with the Goldstone-boson Equivalence Theorem. We show the cross sections for electroweakino pair production at the LHC and ILC, and emphasize the unique signals involving the Standard Model-like Higgs boson as a new search reference. The electroweakino signal from pair production and subsequent decay to W h/Zh (h → bb) final state may yield a sensitivity of 95% C.L. exclusion (5σ discovery) to the mass scale M 2 , µ ∼ 350 − 400 GeV (220 − 270 GeV) at the 14
I. INTRODUCTION
The recent observations of a Standard Model (SM)-like Higgs boson (h) [1, 2] have further strengthened the belief for a weakly coupled Higgs sector with Supersymmetry (SUSY) as the most compelling realization. If the weak-scale SUSY is realized in nature [3] , the definitive confirmation will require the discovery of the supersymmetric partners of the electroweak (EW) particles in the SM, in particular the gauginos and Higgsinos, 1 as recently stressed as the "natural SUSY" [4, 5] . The identification of the electroweak sector of the supersymmetric theory and the measurement of its parameters are especially important because it is commonly believed that the natural dark matter (DM) candidate, the "Lightest Supersymmetric Particle" (LSP), resides in this sector, most likely the lightest neutralino [6] .
Given the current results on SUSY searches at the LHC [7] [8] [9] [10] [11] [12] [13] [14] [15] , the absence of the spectacular events of large hadronic activities plus substantial missing energy implies that new colored supersymmetric particles under QCD strong interaction may not have been copiously produced. With some simple assumptions, the interpretation of the current LHC data leads to the mass bound for the gluino and light squarks as mg = mq > 1.8 TeV, or mg > 1. 3 TeV with decoupled squark sector, mq > 800 GeV [7, 8] with the other decoupled particles, based on the ATLAS/CMS analyses. In anticipation of much heavier colored SUSY partners, we are thus led to consider a more challenging search strategy, namely the SUSY signals only from the EW sector, the charginos and neutralinos. On the other hand, the direct production of electroweak supersymmetric particles at the LHC suffers from relatively small rates [16] . The current direct search bounds at the LHC are thus rather weak [9] [10] [11] [12] [13] [14] [15] and the future perspectives for the mass parameter coverage are limited [17, 18] . A further complication is that, some DM consideration favors a situation for nearly degenerate charginos and neutralinos [19] , making their identification more challenging [20] .
The deciding soft SUSY-breaking mass parameters for the Bino, Wino, and Higgsino are M 1 , M 2 and µ, respectively. Those parameters are related when adopting a specific SUSYbreaking mediation scenario, such as the minimal Super-gravity model [21] and the minimal gauge-mediation [22] . Unfortunately, those minimal and predictive scenarios are disfavored by the current observation of a 125 GeV SM-like Higgs boson [23, 24] . In this work, we take a 1 We call the SUSY partners of the EW gauge bosons and the Higgs doublets the gauginos (B,W ) and Higgsinos (H), respectively, the mass eigenstates the charginos (χ ± i ) and neutralinos (χ 0 i ), and generically the electroweakinos (EWkinos) when no need for specification. model-independent approach and study the SUSY signals with all possible relative values of these three SUSY-breaking mass parameters, which lead to six cases in the most general term. Among them, four cases would naturally result in a compressed spectrum of nearly degenerate LSPs. We would like to address the question that to what extent in the parameter space, the SUSY signals only from the electroweakinos can be accessible. The answer to this question, in particular the accessible mass scale, is important not only for the current LHC experiments, but also for the planning of future collider programs.
Given the intimate connection between the Higgs boson (h) and the SUSY electroweak sector, it is evident that searching for SUSY may be greatly benefitted if one takes advantage of the existence of the Higgs boson. The Higgs boson signal from SUSY cascade has been discussed via the heavy gluino and squark production [25] and via the electroweakino production [26] . More recently, ATLAS [13] and CMS [15] have also carried out some analysis for the W h final state, under the assumption that the decay of χ leptons via W ± /Z, we may expect to reach up to an electroweakino mass about 700 GeV (500 GeV) for a 95% C.L. exclusion (5σ discovery), with 300 fb −1 of integrated luminosity at the 14 TeV LHC.
Our treatments are still conservative in two counts. First, we have not taken into account the possible contributions from the other electroweak states, namely the sleptons and the heavier Higgs bosons. Should the sleptons and the other Higgs bosons be light, comparable to or even lighter than the electroweakinos, they would be produced to enhance the signal both from their direct pair production and from the electroweakino decays. Also, we have not included the vector boson fusion (VBF) mechanism [27] for the electroweakino production. The production rate for this mechanism is typically smaller than that of the DY processes by orders of magnitude depending on their masses. Its characteristics, however, for the forward-jet kinematics and the t-channel elecrtoweakino production may provide additional handles to complement the standard searches.
The rest of the paper is organized as follows. In Sec. II, we present the electroweakino sector of the minimal Supersymmetric Standard Model (MSSM) and lay out the general scenarios for the relevant SUSY parameters in our study, resulting in six distinctive cases over all with respect to their mass relations. We outline their decay patterns and discuss in detail the decay branching fractions. Although as general as possible for the SUSY electroweak sector, we focus our attention to a situation where the colored SUSY states as well as the sleptons and other Higgs bosons are inaccessible at the LHC. In Sec. III, we first show the leading production channels of neutralinos and charginos at the LHC, and then explore the dominant final states from the decay of heavier electroweakino states. We show the cross sections at the 14 TeV LHC for all the six cases. The results thus suggest the leading signals for the searches, particularly interesting of which is the SM-like Higgs boson in the final state. In Sec. IV, we first briefly summarize the relevant experimental bounds on the masses of the electroweakinos from the direct searches at the LEP2 and the LHC. We then classify the signals according to their observable final states and emphasize the unique importance for taking advantage of the Higgs decay channels. We present the potential observability at the 14 TeV LHC in terms of our very general classification of the SUSY electroweak parameters. In Sec. V, we discuss the dominant production modes of the electroweakinos at the International Linear Collider (ILC) and evaluate their production cross section at the 1 TeV C.M. energy. We also comment on the physics potential for their property studies. Finally, we summarize our results in Sec. VI. Some approximate formulae for the NLSP decays are collected in an appendix. In particular, insightful understanding about the decay modes in connection with the Goldstone-boson Equivalence Theorem is provided.
II. MODEL PARAMETERS AND ELECTROWEAKINO DECAYS

A. Model Specification
We focus on the essential EW sector, namely, the electroweakinos. Without assumptions for a SUSY-breaking mediation scenario, we consider the other SUSY particles, namely, gluinos, squarks and sleptons, to be inaccessible in the LHC searches. Parametrically, we set the gluino mass M 3 , sfermon masses at multiple TeV and A i ≃ 0 GeV, 2 except for the third generation squarks mass parameters. Also, we take M A ≈ 1 TeV, where the heavy Higgs bosons governed by M A will also be decoupled from the theory. We explicitly incorporate a SM-like Higgs boson of mass
which can be achieved by adjusting SUSY parameters in particular the stop mass parameters [23, 24, 28] . For the gaugino and Higgsino sector, the mass matrix for the neutral components in the gauge-eigenstate basis of
where we have used the abbreviations s W = sin θ W , c W = cos θ W , s β = sin β and c β = cos β, for θ W being the Weinberg angle and tan
Similarly, the mass matrix of the charged components in the basis of
There are only four parameters involved in the mass matrices, two soft SUSY breaking mass parameters M 1 and M 2 , the Higgs field mixing parameter µ, and the electroweak symmetry breaking parameter tan β. Diagonalization of the mass matrices gives the mass eigenstates (with increasing mass eigenvalues), namely, the Majorana fermions, neutralinos χ 0 i (i = 1 . . . 4), and the Dirac fermions, charginos χ ± i (i = 1, 2). The mixings among the gaugino states are induced by the electroweak symmetry breaking, as seen by the off-diagonal terms in Eqs. (2) and (3). Relevant to our studies when m Z ≪ |µ ± M 1 | and |µ±M 2 |, the mixings between Bino (Wino) and Higgsinos are characteristically suppressed by
The mixings between Bino and Wino are further suppressed since they can only mix via Higgsino states. Consequently, the four neutralinos are nearly a "Binolike", a "Wino-like", and a "Higgsino-like" pair (H of the gauginos and Higgsinos prevails and the mixing effects are small. We can thus gain intuitive understanding about the behavior of production and decay patterns of the electroweakinos, as we will discuss in the following sections.
For our phenomenological considerations, we work in the CP-conserving scenario and choose the usual sign convention M 2 > 0. Without assuming a unification scenario for the soft masses, M 1 and µ can still take ± sign. We adopt M 1 > 0 3 and consider both signs of µ. Note that µ > 0 is favored by muon g − 2 consideration [29] . In most of our discussion below, flipping the sign of µ does not lead to qualitatively different results. We therefore use µ > 0 in most of the results presented below. We will specify the cases in which the sign of µ matters, in particular, for Case AI and Case BI discussed below. We thus adopt the parameters in the broad range
While M 2 and µ are constrained to be above 100 GeV from the chargino searches at the LEP2 experiments [30, 31] . M 1 could be much lower given the lack of model-independent limit on the Bino mass. We note that our parameter choices are consistent with the current low energy bounds, such as the rare decay constraint from b → sγ. In a most general case, the mass parameters can be complex with CP-violating phases. We do not consider such general CP-violating scenarios.
B. General Classification and the Electroweakino Decays
To explore the phenomenological consequences in a most general approach, we present the three possible scenarios among the mass parameters of M 1 , M 2 , µ, and categorize them into six different cases. Each of those leads to characteristic phenomenology in their pair production and the decays of the electroweakinos. Since the sfermions are assumed to decouple, the heavier electroweakinos decay to the LSP (χ 0 1 ) and a real or virtual electroweak gauge boson (generically denoted by W, W * or Z, Z * , for either on-shell or off-shell) and a Higgs boson (h). The decay via an off-shell Higgs boson is highly suppressed due to the small Yukawa couplings, for modest values of tan β. We will stress the situation when the Higgs boson plays a crucial role if kinematically accessible. We have set m h = 125 GeV as stated in Eq.
(1) throughout our numerical evaluations.
• Scenario A:
This is the usual canonical scenario, which is strongly motivated by the Bino-like (LSP) dark matter [6] and by the grand unified theories with gaugino mass unification [21] . There are two qualitatively different physics cases we would like to explore, namely
Case AII :
For Case AI, the Winos are lighter than Higgsinos, and thus are the next to the LSP (denoted by NLSPs), while for Case AII, it is the reverse and thus the Higgsino NLSPs. Without losing much generality, for illustrative purposes in Sections II and III, we vary M 2 while fixing |µ| = 1 TeV for Case AI, and vary µ while fixing M 2 = 1 TeV for Case AII, along with tan β = 10. We will explore the characteristic differences for the observable signals in these two cases. Whenever appropriate, we will also illustrate the features with different values of tan β.
In Fig. 1 , we present the physical masses of the lower lying neutralinos and charginos. The mass spectrum, as well as decay branching fractions for neutralinos and charginos are calculated using SUSY-HIT 1.3 [32] . and χ ± 1 is very small. In fact, the nearly degeneracy of these states calls for a new convention to call them NLSPs altogether. The convenience will be seen more clearly later when discussing the decays. For Case AII, both the light chargino χ Fig. 1(b) . These differences in masses gets smaller as µ increases, thus referred to as naturally compressed spectra [33] . In particular, this would lead to unsuppressed decays of χ To a large extent, the electroweakino phenomenology is governed by the NLSP decays. We depict the NLSP decay patterns for all the six cases in Fig. 2 , and their corresponding decay 
Flipping the sign of µ also lead to the reversal of branching fractions into h and Z modes for large tan β. However, since χ 
Even with the phase space suppression comparing to the decay of χ It should be noted, however, that the decay products will be very soft due to the small mass difference, so that it renders the experimental observation difficult at hadron colliders. At an ILC, however, the clean experimental environment may allow the observation of those decay modes.
• Scenario B:
This is the situation of Wino LSP, as often realized in anomaly mediated SUSY breaking scenarios [34] . The lightest states χ 0 1 and χ ± 1 are nearly degenerate in mass close to M 2 . It thus makes more sense to follow the newly introduced convention to call them all "LSPs". 4 In this scenario, there are two possible mass relations we will explore
Case BII :
In Figs 
FIG . the Higgsinos are heavy and decoupled. In Case BII on the other hand, a large mixing could occur between Wino-and Higgsino-like states when µ is relatively small, less than 200 GeV. Above that, the Higgsinos group together as the NLSPs. 
For µ = 500 GeV, the branching fraction of χ 0 2 is 68%, 27%, and 5% for W , h and Z channels, respectively. It is interesting to note that χ 0 2 is more likely to decay into h than to Z for µ > 0 and more likely to decay to Z than to h for µ < 0 at small tan β. The effect of the sign of µ can be explained using the approximate formulae Eq. (A7) in the Appendix. The decay branching fraction to W ± , on the other hand, depends little on the sign of µ.
The decay branching fractions for the NLSPs χ 
Under the limit of |µ ± M 2 | ≫ m Z , the ratios of the partial decay widths is roughly
1 : 1, with small deviation caused by phase space effects. The tan β dependence is very weak, especially for large µ. For µ = 500 GeV, the branching fractions of χ ± 2 to W , Z and h channels are roughly 35%, 35%, and 30%, respectively.
The decay channels for the second and the third neutralinos
Under the limit of |µ ± M 2 | ≫ m Z , the following simplified relation holds for the partial decay widths (and decay branching fractions as well) of χ 0 2,3 :
For both χ ) is 67% (68%), 26% (8%), and 7% (24%) for W, Z and h channels, respectively. In the limit of large tan β and very heavy Higgsino mass, Br(χ
Flipping the sign of µ has similar effects on the χ 0 2,3 decay branching fractions as in Case AII for the Z and h modes, while affects little of the W mode.
• Scenario C:
This is the situation of Higgsino LSP [5] , with the lightest states χ 0 1,2 and χ ± 1 being Higgsinolike. The two possible mass relations here are
5 Note that the composition of χ 
Case CI |µ| < M 
The decay branching fractions for the NLSP χ 0 3 are shown in Fig. 7 , with the approximate formulae for the partial decay widths to various final states given in Eqs. (A17)−(A19). The following relation between the partial decay widths (and decay branching fractions as well) holds
Since χ tan β, Br χ 0 1,2 h = Br χ 0 1 h + Br χ 0 2 h , Br χ 0 1,2 Z , as well as Br χ ± 1 W ∓ are almost independent of tan β, as shown in Fig. 7(b) . For µ = 500 GeV, the branching fractions of χ 0 3 are 52%, 26%, and 22% for W , Z and h channels, respectively.
Under the limit of |M 2 ± µ| ≫ m Z , the ratios of the partial decay widths is roughly W final states can not be distinguished experimentally. Combining these two channels, the branching fractions of χ ± 2 to W , Z and h channels are roughly 51%, 26%, and 23%, respectively. In the limit of large M 2 , the branching fractions approach the asymptotic limit Br(χ
The decay pattern for χ 0 3 in Case CII are very similar to χ 0 3 decay in Case CI: are 54%, 24%, and 22% for W , Z, and h channels, respectively.
III. ELECTROWEAKINO PRODUCTION AT THE LHC
Without the contributions of production and the cascade decays from the gluinos, squarks, nor sleptons and heavy Higgs bosons, the electroweakinos are pair-produced by the standard electroweak processes. The leading contributions under our consideration are the Drell-Yan (DY) processes via the s-channel exchange of W/Z/γ, as shown in Fig. 9 .
where i, j = 1 . . . 4 for neutralinos and i, j = 1 . . . 2 for charginos, and X generically denotes the hadronic remnants. Dominant processes are typically those that involves two Wino-like or two
Higgsino-like states, since their relevant couplings to W , Z and γ are unsuppressed. Furthermore, the electroweakino pair production via W -exchange in Fig. 9 (a) has the largest cross section due to the large SU(2) L coupling. There could also be t-channel contributions with the exchange of u-and d-squarks. In our current treatment, we will neglect those effects under the assumption of heavy squarks.
The electroweakinos could also be produced via weak vector boson fusion processes (VBF) [27] qq
The production rate for this mechanism is typically smaller than that of the DY processes by one to two orders of magnitude depending on their masses. Thus these channels do not contribute much to the inclusive signal of our consideration [20] . On the other hand, if a signal is observed via the DY processes, the unique kinematics of the forward-backward jets [35] make the signal quite characteristic to study [27] .
We now present the signal production rates via the DY processes as a function of a relevant mass parameter, in all the cases discussed in the last section. We show these in Fig. 10 at the 14
TeV LHC, including the next-to-leading oder (NLO) QCD corrections, which is about 20% − 30%
increase to the overall cross sections comparing to the LO results [36] . The cross sections at the 8
TeV LHC is about a factor of two smaller in the low gaugino mass region ∼ 200 − 300 GeV, while they become smaller by about one order of magnitude at a high mass near 1 TeV. For the sake of illustration, we have taken
unless stated otherwise. The results for the leading NLSP pair production channels presented here are rather insensitive to the choice of this values. The numerical results presented below are always for µ > 0. Here and henceforth, we adopt the parton distribution functions CTEQ6 [37] . We now present the production cross sections for all the cases and also discuss the leading decays of the electroweakinos to the SM final states. 
These are the typical case for "Wino-like" production, with the unsuppressed SU(2) L couplings. BI at the LHC could be very challenging [27, 38] and we will not discuss it in this work. Instead, we will comment on its straightforward observability at an ILC.
• Case BII: M 2 < |µ| < M 1 
with unsuppressed SU(2) L couplings. Contributions from χ . The suppression factor is milder than that of Case BI. The cross section is about 300 fb for M 1 around 150 GeV, and quickly drops down to 0.1 fb for M 1 ∼ 600 GeV. Similar to Case BI as discussed above, the search for the nearly degenerate Higgsino-like LSPs at the LHC could be very challenging [27, 39] and we will not discuss it in this work. We will again comment on its straightforward observability at an ILC.
• Case CII: |µ| < M 2 < M 1
For the four Higgsino LSPs and three Wino NLSPs, total cross sections at the NLO in QCD for the 14 TeV LHC are shown in Fig. 10(f) versus M 2 . Similar to Case CI, the leading channels of pair production of nearly degenerate Higgsino LSPs are hard to observe at the LHC. The next set of processes is similar to that of Case AI for Wino pair production 
D. Summary for the Signals at the LHC
We have laid out the most general electroweakino scenarios based on the relations among the gaugino soft mass parameters M 1 , M 2 and the Higgsino mass parameter µ. In the absence of substantial mixing when all the mass parameters are of the similar size, the three sets of multiplets (namely a Bino, 3 Winos and 4 Higgsinos) are each nearly degenerate in mass, respectively.
The three scenarios with six distinctive cases are summarized in Table I . For each case, we show the dominant pair production channels for the NLSP electroweakinos and their decay modes with branching fractions, which are given for the parameters of benchmark values as in Eq. (24) , and the mass parameter corresponding to the NLSP mass taken to be 500 GeV. For the decay branching fractions, most of them are insensitive to the particular value of tan β. For those that do have tan β dependence, we show the variation in the parenthesis with tan β in the range of 3 − 50.
Generally speaking, the Wino-like electroweakinos are of the highest values of the production cross section. The next are the Higgsino-like ones. The Bino-like states are of the smallest production rate. Thus, Case A presents the idealistic cases with leading production of Wino-like NLSPs (Case AI) and Higgsiino-like NLSPs (Case AII), both dominantly decay via the Bino-like LSP.
For the rest of cases, they all naturally result in a compressed spectrum of nearly degenerate LSPs.
The leading production channels are the Wino-like LSPs in Case B and the Higgsino-like LSPs in Case C. As discussed earlier, the LSP multiplet production will be difficult to observe at hadron colliders because of the mass degeneracy and the soft decay products [38, 39] . This possesses significant difficulty for their searches at the LHC and we will thus leave Cases BI and CI for the future exploration. Instead, we will comment on them for the ILC studies in a later section. On the other hand, the situation of the observability may be improved if the sub-leading production NLSP decay Br's
Production
Total Branching Fractions (%)
20 17
Case BI
12 12 32 23 10 9 2 To guide the searches at the LHC, we combine with the decay branching fractions of the corresponding NLSPs for each production mode, and show the total branching fraction into each particular final state
as in Table I . Note that all of the final states in addition include missing transverse energy introduced by the χ 0 1 LSP, as well as soft jets and leptons that might appear from decays between nearly degenerate particles in LSP multiplet. Since the same final states might come from different > 91.9 GeV degenerate gaugino region [31] production processes, the total cross section of a particular final state is given by
where the sum is over the dominant production modes listed in the table.
Extending the above discussions, we present the total cross sections for the electroweakino pair production subsequently decaying to specific final states of the electroweak bosons XY of Eq. (29) in Fig. 11 . Here we only show the four observationally relevant model cases to the LHC searches as laid out in Table I . Again, the leading signal rates can reach a few hundred of fb to a few tenth of fb with the mass parameters from 200 GeV to 1 TeV. It is important to note that one of the leading channels is W h, typically larger than the observationally clean channel W + W − and comparable to (in Case AI, larger than) the conventionally considered leading channel W Z, except near the kinematical threshold at low µ or low M 2 . We thus emphasize that with unique decay h → bb and reconstructable Higgs mass variable, this channel should serve as a "standard candle" for the signal of the electroweakino pair production, to be discussed in a later section.
IV. CURRENT BOUNDS, THE HIGGS BOSON CHANNEL, AND FUTURE PERSPECTIVES
A. Bounds from LEP2 Experiments
With the same mechanism as discussed in the last session, charginos χ ± 1 could be pair produced at LEP via s-channel exchange of Z/γ * , as well as the t-channel exchange ofν e , with destructive interference. It decays to ff ′ χ 0 1 via a real or virtual W or a sfermion. Results for the chargino mass lower bounds from standard searches at the LEP2 experiments are briefly summarized in Table II. For lower sfermion mass, the bound is weaker due to the reduced pair production cross section, as well as the reduction of selection efficiency due to the opening up of the two body decay. In can be adopted to improve the search in such case when the chargino search becomes ineffective. Limits on chargino and neutralino masses for the light sfermion case, therefore, depend on the sfermion spectrum.
As for the mass of the lightest neutralino LSP, there is no general bound from LEP if the gaugino mass unification relation is relaxed. Production via s-channel exchange of Z/γ * could be absent for a Bino-like neutralino, and t-channel production could be negligible for heavy selectrons.
Indirect mass limit on the neutralino LSP can be derived from chargino, slepton and Higgs boson searches, when guagino mass and sfermion mass unification relations are assumed. A lower mass limit of 47 GeV can be obtained at large tan β [40] , while a tighter limit of 50 GeV can be derived in the mSUGRA scenario [41] .
B. Current Bounds from the LHC Experiments
The search for charginos and neutralinos are being actively pursued by the LHC experiments.
The hadronic decay of χ gives the clean signal of 3ℓ + E T (here and henceforth, ℓ = e, µ, and E T is the missing transverse energy), which has been the dominant search channel for neutralinos and charginos.
The ATLAS and CMS collaborations recently performed searches for pair production of the electroweakinos through the conventional channels of multi-lepton plus E T [9] [10] [11] [12] 14] . The absence of signal put some bounds on the mass parameters under certain assumptions as collected in Table III . Note however that the decays included in their analyses via sleptons are only applicable for the slepton mass lighter than χ 0 2 , χ ± 1 . Limits from W, Z channels assume a 100% branching fraction to the gauge bosons, which is usually not realized in a realistic model. Also shown in the last row are the latest results from the W h + E T channel [13, 15] .
C. The Search for electroweakinos in the light of the Higgs Boson
This section contains our key results. What we would like to emphasize here is the unique new signature due to h → bb. As discussed in the previous section, this channel is one of the leading channels. According to the production summary in Table I , there are significant fractions of the gaugino pair signal decaying to W h and Zh, leading to charged leptons plus bb. Not only would this signal have the invariant mass peak m bb = m h as a "standard candle" to discriminate against backgrounds, but also it reassures the clear non-SM origin of the Higgs boson from a SUSY parent.
There is also the Higgs pair from the decay, but this mode will be rather challenging due to the large background to the leading signal channel bb + bb + E T .
There exist some related studies on the electroweakino production with χ 0 2,3 → χ 0 1 h [26] . Our current work makes the most complete compilation for the channels in the MSSM and the comprehensive study for the Higgs boson in the decays, that is then combined with all the other channels to reach the final estimate for the LHC sensitivity.
Monte Carlo simulations are used to estimate the SM backgrounds, as well as to calculate the efficiency for various electroweakino productions. In this study, events are generated using MADGRAPH event generator [42] and PYTHIA [43] for parton shower and hadronization.
Next-to-leading-order (NLO) cross sections are used for background and signal normalization, calculated using MCFM [44] and PROSPINO [45] , respectively. For both background and signal samples [46] , the events are processed through the Snowmass detector [47] using Delphes [48] parameterized simulation and object reconstruction. Large statistics of background samples are generated using the Open Science Grid infrastructure [49] . Effects due to additional interactions (pile-ups) are studied and they are found to small for 300 fb −1 luminosity scenario [47] . Jets are reconstructed using the anti-k T clustering algorithm [50] with a distance parameter of 0.5, as implemented in the FASTJET package [51] . We have also assumed a systematic uncertainty of 20% in this study.
• W h channel: single lepton plus h → bb analysis This study focuses on production modes such as χ Table I and Fig. 11 . The W h mode may take place in all of the three cases of A, B, C as a leading production channel, although the LSPs may have rather different properties. Observationally, this is similar to the event topology of single lepton channel: ℓ ± + jets + E T , in which there is a resonant production of h → bb. We consider the following event selection for this study:
1. Exactly one lepton with p ℓ T > 25 GeV, |η ℓ | < 2.5 and veto any isolated track with p T > 10
GeV within the tracker acceptance of |η| < 2.5 as well as hadronic τ 's with p T > 20 GeV and |η| < 2.5.
Exactly two b-tag jets with
GeV, |η b | < 2.5 and are expected to be in one hemisphere of the transverse plane.
3. Invariant mass of the b-jets must be within 100 GeV< m bb < 150 GeV.
Transverse mass (M ✚ E T ,h T
) between E T and the Higgs > 200 GeV and E T > 100 GeV.
5. Difference in azimuthal angle ∆φ ✚ E T ,h > 2.4 between E T and the Higgs boson.
Several signal regions are defined using combination of variables, including E T , p T -axis of hemisphere containing the lepton, m ef f as the scalar sum of p ℓ T , p b T and E T , and M bℓ T 2 variable. We use the best signal significance from all of the signal regions to determine the sensitivity. The dominant SM backgrounds for this signal come from tt, single tops, W bb and dibosons productions.
The sensitivity reach for W h → ℓbb + E T is shown in Fig. 12(a) for Case A Bino-like LSP at the 14 TeV LHC with 300 fb −1 . We take M 1 = 0, µ > 0, tan β = 10, but with arbitrary mixing in µ − M 2 plane. We see that the 95% C.L. (5σ) reach for M 2 is about 400 GeV (250 GeV). The asymptotic reach in µ is slightly less comparing to that of M 2 , giving about 250 GeV (200 GeV) for 95% C.L. (5σ). This is due to that χ Table I and Fig. 11 . The Zh mode may also take place in Cases BII and CII. This channel is similar to the event topology of opposite sign di-lepton channel: ℓ + ℓ − + jets + E T , again with the di-jet as h → bb. We consider the following event selection for this study:
1. Exactly two opposite sign same flavor leptons (OSSF) with p
and veto any isolated track with p T > 10 GeV within the tracker acceptance of |η| < 2.5 as well as hadronic τ 's with p T > 20 GeV and |η| < 2.5.
Exactly two b-tag jets with
4. Invariant mass of OSSF dileptons be within 76 GeV< m ℓ + ℓ − < 106 GeV.
5. E T > 50 GeV.
6. Difference in azimuthal angle ∆φ ✚ E T ,h > 1.0 between E T and the Higgs boson.
Several signal regions are defined using combination of variables, including E T , leading lepton
, and M Zh T 2 . The dominant SM backgrounds for this signal are from tt, single top associated with a boson, Zbb and dibosons.
The Zh → ℓℓbb + E T channel has less SM background than the W h mode, and is promising in the region of |µ| < M 2 . The sensitivity reach is shown in Fig. 12(b) . The 95% C.L. (5σ) reach is about µ ∼ 300 GeV (200 GeV). In Fig. 12 , the white spots indicate the region where the sensitivity is weaker than approximately 0.1 as we plotted. Note that no sensitivity in Zh channel is obtained for M 2 < µ (Case AI) since such final states do not appear, as shown in Table I . We combine the Higgs boson channels W h and Zh together and present the sensitivity reach in Fig. 14(a) . The summary results for their mass reach are shown in the first column in Table IV. M2 [GeV] 100 200 300 400 500 600 700 800 900 1000 
D. Combined Results for All Channels
For completeness, we combine the Higgs channels studied above with the other conventional electroweakino search channels, in which we have also included the contributions from h → W W * , ZZ * in the due course. It would be informative to first compare the signal significance involving h → bb with the other channels. We show this in Fig. 13 again for Case A Bino-like LSP with M 1 = 0, µ > 0, tan β = 10, but with arbitrary mixing in µ − M 2 plane.
• OSWW: GeV. If on-shell Z boson is found, asymmetric M T 2 is computed using Z, E T and the 3rd lepton.
• 4L: ℓℓℓℓ + jets + E T , with signals dominantly from ZZ final states, or W h, Zh with h → W W * , ZZ * .
M2 [GeV]
100 200 300 400 500 600 700 800 900 1000 As expected, we see that the OSWW mode is more sensitive to Case AI with M 2 < µ reaching M 2 ∼ 500 GeV (400 GeV) for 95% C.L. (5σ) for any value of µ. Similar feature appears for SSWW channel sensitive to the small M 2 region, with the dominant contributing channel from W h with h → W W, ZZ and τ τ . The more interesting probe from this channel occurs when M 2 ≈ µ where a 5σ sensitivity for a 500 GeV mass scale can be achieved. The 3L and 4L modes, on the other hand, are more sensitive to Case AII with µ < M 2 . The 3L mode can reach µ ∼ 350
GeV at 95% C.L. for asymptotic value of M 2 . 6 The 4L channel has the lowest SM backgrounds, and a 5σ reach in the µ parameter can be obtained around 350 GeV.
Based on those detailed analyses above, we show the combined sensitivity reach in Fig. 14(b) in the µ − M 2 plane using all the six channels (two from W h/Zh, h → bb and four from the conventional multi-lepton searches), again for Case A Bino-like LSP at the 14 TeV LHC with 300 fb −1 integrated luminosity. The reach for 95% C.L. exclusion and 5σ discovery based on Fig. 14 Mass parameters
380 GeV (250 GeV) 500 GeV (350 GeV)
350 GeV (220 GeV) 480 GeV (320 GeV)
400 GeV (270 GeV) 700 GeV (500 GeV) TeV and 300 fb −1 . The results of sensitivity in the first column are from the Higgs final states W h + Zh with h → bb as in Fig. 14(a) , and those in the second column are from all the six channel combination as in Fig. 14(b) . Case A with a light Bino-like LSP is assumed.
are summarized in Table IV . The robust search results from W h, Zh with h → bb are separately listed in the first column. The final results for the combined channels are summarized in the second column.
V. ELECTROWEAKINOS AT THE ILC
Due to the rather small electroweak production cross sections and large SM backgrounds at the LHC, the discovery of the electroweakinos via direct production would be very challenging as discussed in the previous section. Exploiting the additional feature of the Higgs in the final state, the signal observability and identification can be improved. Even if the signal is observed, the determination of the gaugino properties would be very difficult. This is where an ILC would show the major advantage. Similar to the mechanism in Fig. 9 , the electroweakinos can be produced via the s-channel γ/Z exchange as in shown in Fig. 9 (b) and (c).
The total cross section for the electroweakino pair production at a 1 TeV ILC is shown in Fig. 15 versus the appropriate mass, with (a) and ( be observed.
Extending the above discussions, we present the total cross section for the electroweakino pair production subsequently decaying to specific final states of the electroweak bosons XY of Eq. (29) in Fig. 16 . Once again, we note that besides observationally clean channels W + W − , W ± W ± , and W Z, W h and Zh channels contribute significantly as well. Even the sub-dominant hh mode could be identifiable.
Although not shown, one would expect that the ILC will be able to uncover the challenging decay modes with rather soft (10 GeV or less) leptons and jets in the final state, such as in the difficult cases of BI and CI with compressed mass spectrum of Wino-or Higgsino-like LSPs, because of the clean experimental environment for event reconstruction. The situation with very soft final states may be further improved by making use of the hard photon radiation (ISR) plus large missing energy, to identify the SUSY signal [54] . For the same reason, the large rate signal, such as 4-jets+ E T events could be fully utilized. The effective kinematical reconstruction and unambiguous final state identification will help to determine the properties of the electroweakinos [55] , and the missing LSP (dark matter) mass [56] .
VI. SUMMARY AND OUTLOOK
Given the current null results on the SUSY searches at the LHC, namely, the non-observation of gluinos and squarks under naive assumptions below 1 TeV, it is strongly motivated to consider the situation in which the only accessible SUSY states are the electroweakinos.
Within the constraints from collider searches, we explored the gaugino and Higgsino mass parameter space and categorized the general EW SUSY parameter relations into three scenarios with six distinctive cases, as presented in Sec. II B and for the mass relations in Fig. 1 . The four cases in B and C would naturally result in a compressed spectrum of nearly degenerate LSPs. We outline the decay patterns for the NLSPs as depicted in We presented the pair production cross sections for the electroweakinos via the DY processes ( Fig. 9) at NLO in QCD for the 14 TeV LHC in Fig. 10 . The production rate can typically be of a few hundred of fb at the 200 GeV mass scale, but drop to about a few tenth of fb at a higher mass scale of 500 − 1000 GeV. Unfortunately, the LSP multiplet production, such as in Cases BI and CI, will be difficult to observe at hadron colliders because of the mass degeneracy and the soft decay products [38, 39] . We will thus leave them for the future exploration. We reiterate that the electroweakino phenomenology and their searches at the LHC are largely dictated by the NLSP production and decays. Incorporating the dominant decays to the observable final states of a pair of gauge bosons and Higgs boson as listed in Eq. (29), we summarized the leading channels and their branching fractions in Table I , and showed the corresponding production cross sections in Fig. 11 . Again, the leading signal rates can reach a few hundred of fb to a few tenth of fb with the mass parameters from 200 GeV to 1 TeV.
Of particular interest is the SM-like Higgs boson in the final state, that turned out to be one of the leading channels. We thus emphasize that with unique decay h → bb and reconstructable
Higgs mass variable, this channel may serve as a "standard candle" for the signal of the electroweakino pair production since it is clearly of a non-SM origin. The decays to gauge bosons h → W W * , ZZ * can also help to enhance the signal rate for the conventional SSWW and 4L search channels, although the identification to the Higgs contribution is less obvious.
The current experimental bounds on the masses of the electroweakinos from the direct searches at the LEP2 (Table II) and the LHC (Table III) are summarized in Sec. IV. Extending the existing work, we explored the potential observability for future LHC run at 14 TeV with an integrated luminosity of 300 fb −1 . We first showed in Fig. 12 the sensitivities for the robust Higgs channels W h and Zh with the identifiable h → bb decay. The combined results for the Higgs channels were shown in Fig. 14(a) . For completeness, we also presented our studies in Fig. 13 for the four conventional channels, and combined all the results in Fig. 14(b) . We conclude that, for the case of a light Bino-like LSP, with the Higgs channels, we may reach the electroweakino mass scale about M 2 , µ ∼ 220 − 270 GeV at a 5σ sensitivity, and about 350 − 400 GeV for 95% C.L. exclusion.
Combining with all the other channels, we may expect to extend the reach to the mass scale about M 2 , µ ∼ 320 − 500 GeV at a 5σ sensitivity, and about 480 − 700 GeV for 95% C.L. exclusion. Due to the rather low production cross sections and large SM backgrounds, it would be never- Looking forward, the high luminosity LHC with 3000 fb −1 would be expected to extend the 5σ electroweakino reach to a mass generically of 800 GeV assuming a 100% branching fraction to the gauge bosons [53] . It would be a pressing issue to address to what extent one would be able to uncover the observationally difficult scenarios like Cases BI and CI, where the lower lying electroweakinos are in a compressed LSP spectrum and the NLSPs may not be copiously produced.
Furthermore, if a multiple TeV lepton collider is ever available [57, 58] , it would readily cover to a mass scale about a half of the center of mass energy. 
where C AII = e 2 8c 2 W . For tan β > 1 and positive µ, M 1 , the χ 0 1 h channel is enhanced relatively to the Z channel by both the (s β + c β ) 2 /(s β − c β ) 2 factor, as well as the mass terms inside the square bracket.
The third neutralino χ 
The exchange of s β ±c β ↔ s β ∓c β in χ • Scenario B: M 2 < M 1 , |µ| Under the limit of M 1 − M 2 ≫ m Z , |µ ± M 1,2 | ≫ m Z , the partial decay widths to various final states in Case BI follow the simplified formulae:
where C BII = e 2 8s 2 W . In the limit of large Higgsino mass, Br(χ
The partial decay widths of χ 
